Sulfur mustard and 2-chloro ethyl ethyl sulfide (CEES, a sulfur mustard analog) is known to have immediate (minutes), long-term (hours to days), and toxic effects on human skin. Research was directed toward developing a single in vitro assay that might reflect both these short-term and long-term effects of this vesicating agent on normal human epidermal keratinocytes (NHEK) in vitro. Such an assay system would be useful in identifying and developing sulfur mustard therapeutic agents. NHEK were exposed to the monofunctional sulfur mustard analog 2-chloro ethyl ethyl sulfide for a variety of times. The effects of CEES on NHEK nuclei were assessed using the membrane-permeable SYTO nuclear stains, whereas the effects of CEES on NHEK metabolism were determined by using the nontoxic mitochondria dye Alamar blue. CEES enhanced SYTO binding in a concentration-dependent manner to the nucleus immediately subsequent to a 2-hr exposure, whereas CEES had relatively little effect on metabolic activity at this time. Fifteen to 36 hr subsequent to CEES exposure, however, Alamar blue revealed a robust, sulfur mustard-dependent effect on mitochondrial activity. To determine if both these indicator dyes could be used simultaneously, NHEK were exposed to CEES and stained with the SYTO nuclear stain 2 hr subsequent to exposure. This procedure was followed by assay of the same cell cultures with Alamar blue at 36 hr subsequent to initial CEES exposure. The data indicate that this nuclear/mitochondrial double-label technique can be used to monitor the short-and long-term effects of sulfur mustard on the same culture of NHEK.
INTRODUCTION
Sulfur mustard has been used as a military weapon since World War 1 [for a review, see (11) ]. It has reemerged as a major threat in recent years during the Iran-Iraq conflict as well as in the Persian Gulf War. One of the primary targets of sulfur mustard is skin. Microvesicles and blisters appear several hours or days after initial exposure. They appear due to the separation of the epidermis from the dermis at the basal lamina. Much work has been devoted to developing therapeutic agents that could be used in the field if a sulfur mustard attack occurs. Several groups are exploring agents that can protect human skin against this vesicating agent. Yourick et al (13) have reported that niacinamide, promethazine and indomethacin can partially protect hairless guinea pig skin subjected to sulfur mustard exposure. Zhang et al (15) have also shown that sodium thiosulfate, cysteine, and niacinamide can ameliorate sulfur mustard-induced lesions. Yet at this time, no single drug or combination of known protective agents appear to afford enough protection to be considered a sulfur mustard therapeutic agent (10) .
The major reason why developing therapeutic agents for sulfur mustard exposure is so challenging is because of sulfur mustard's pleiotropic effects on skin tissue. For instance, Ray et al (7) have shown that exposure to normal human epidermal keratinocytes (NHEK) causes an increase in intracellular calcium and a decrease of intracellular glutathione levels. Cells exposed to sulfur mustard also release arachidonic acid from their membranes. Sulfur mustard is also known to affect the basal lamina between the epidermis and the dermis as well through possible alkylation of basal lamina components (6, 14) . Finally, sulfur mustard is an alkylating agent that can form DNA adducts in the nucleus (1, 4) . Thus, sulfur mustard appears to have multiple sites of action and this fact makes the design of a sulfur mustard topical skin protectant problematic.
Another reason why sulfur mustard skin toxicity is difficult to assess is due to the very nature of in vivo skin itself. Skin is a multilayered tissue with cells that are dividing, differentiating, and undergoing apoptosis (programmed cell death). Sulfur mustard appears to cause both necrosis and apoptosis of skin cells (10), making the etiology of the toxic actions of sulfur mustard even more challenging to comprehend. Thus, any in vitro system that is designed to assess sulfur mustard damage should be constructed so that it can singularly or in combination measure a number of different cytotoxicity parameters. In response to this issue our laboratory has developed a simple, rapid, cost-effective, automated assay system using monolayers of NHEK and the CytoFluor fluorescent plate reader that can identify many diverse alterations in cell physiology due to sulfur mustard exposure and formulate a hypothetical cascade of sulfur mustard toxicity based on differential sulfur mustard sensitivities. For instance, data using fluorescent indicator dyes show that exposure of NHEK to 2-chloro ethyl ethyl sulfide (CEES) causes an increase in intracellular calcium, depletion of intracellular glutathione, an increase in mitochondrial activity, a breakdown of the plasma membrane, and a disruption of the monolayer integrity (8) . The fluorescent metabolic indicator dye Alamar blue has been used in a similar fashion with engineered human epidermis to show that sulfur mustard's effect on metabolic activity is not fully manifested until at least 48 hr subsequent to exposure (5, 9) . The data contained herein represent a continuation in our efforts to construct in vitro protocols that can assess sulfur mustard damage in a cost effective way with the emphasis of simultaneously examining early (nuclear) and later (metabolic) consequences of sulfur mustard toxicity.
MATERIALS AND METHODS

Normal Human Epidermal Keratinocyte Culture
Normal human epidermal keratinocytes were obtained from Clonetics Corporation (San Diego, CA) as a culture in either a proliferating T flask or as a cryovial. Cells were subcultured every 4 to 5 days in a 95% air/5% CO2 cell culture incubator at a seed density of 105/cm2 following the procedures suggested by Clonetics except for the addition of 10% fetal calf serum (GIBCO-BRL, Grand Island, NY) to the trypsin neutralizing solution. NHEK were seeded in Falcon 24-well dishes for all experiments, and the passage number varied from 3 to 7. Confluent NHEK were used in all cases, and cells were maintained in keratinocyte growth medium (KGM, Clonetics Corporation).
CEES Exposure
Chloro ethyl ethyl sulfide (sulfur mustard) was obtained from Aldrich Chemical Co. (Milwaukee, WI). Immediately prior to exposure of cells to the appropriate amount of CEES solution, stock CEES was diluted using Dulbecco's Modified Eagles Medium (DMEM) to obtain the final concentrations noted in the figures. The KGM was removed and 500 ~,1 of the diluted CEES was immediately added to the cultures. Less than 5 sec elapsed between the CEES dilution and the application of the diluted CEES/DMEM to the cells. NHEK cultures were then incubated for 2 hr in CEES at ambient temperature (24°C) in a chemical fume hood. The CEES was removed and deactivated by dilution with bleach. Cell cultures were washed 3 times with KGM at 37°C. Next NHEK cultures were either placed back in the incubator for various periods of time or a fluorescent probe was added and then the cultures placed back in the incubator for either 30 min (SYTO dyes) or 2 hr (Alamar blue).
Alamar Blue Assays
Alamar blue (AB) was obtained from AccuMed International Inc. (Westlake, OH). AB was diluted (5% v/v) in DMEM without phenol red (GIBCO-BRL) and without fetal calf serum. Cells were washed 3 times with KGM at 37°C to remove the residual CEES as described above. Next, 500 [LI of the diluted, working stock Alamar blue solution were added for 1.5 hr (37°C) to each cell culture well containing NHEK. The Alamar blue assay media was then either assayed in situ for single-label experiments or removed after this 1.5 hr incubation period and placed in another 24-well dish without cells in cases involving double-label experiments. KGM was then placed back in the empty cell culture wells. Samples in the new 24-well dish were then assayed using the CytoFluor II (PerSeptive Biosystems, Cambridge, MA) with an excitation wavelength of 530 nm and an emission wavelength of 590 nm. All data were expressed in relative fluorescence units (sample number, n = 3). Biostatistical analysis was performed using the Student's t-test as described by Lewis (3) . SYTO Dyes SYTO dyes were obtained from Molecular Probes (Eugene, OR). SYTO dyes 11 through 16 were tested for their abilities to stain NHEK nuclei and reflect CEESdependent changes. The working stocks of SYTO dyes were constructed by dilution in Earle's Balanced Salt Solution (GIBCO-BRL), and final concentrations of SYTO dyes ranged from 2 to 10 pLM. NHEK were washed 3 times with KGM at 37°C as described previously. NHEK were then incubated with the SYTO dyes for 30 min at 37°C. Next, NHEK were washed 3 times with KGM at 37°C to remove the residual, unincorporated SYTO dye. Cell cultures were then assayed with the SYTO dye in situ in the CytoFluor II with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. All data were expressed in relative fluorescence units (sample number n = 3). Biostatistical analysis was performed using the Student's t-test as described by Lewis (3) .
RESULTS
NHEK were subcultured into 24-well dishes and maintained until the monolayers became confluent. SYTO dyes 11 through 16 were tested for their abilities to bind to NHEK nuclei. All dyes tested could readily bind to NHEK nuclei but the pattern of staining was distinctly different for each dye (data not shown). Different cell cultures were exposed to varying concentrations of CEES for 2 hr, exposed to 2to 10-uM SYTO dye for 30 min, and then analyzed in the CytoFluor II. Two pLM SYTO dye yielded the most optimal, cost-effective fluorescent signal and was used in all experiments described hereafter. All SYTO dyes revealed an increase in fluorescence intensity in cultures exposed to 100-mM CEES (data not shown). SYTO 13 (Fig. 1 ) and SYTO 12 (Fig. 2 ), however, revealed CEES-dependent changes in fluorescence in NHEK nuclei at concentrations as low as 1-n~ CEES.
Visual inspection of CEES-exposed nuclei using fluorescence microscopy showed them to be more condensed than 0-mM CEES (control) exposed nuclei and much more intensely fluorescent. The latter was reflected by the CytoFluor II measurements (Figs. 1 and 2) .
In different experiments, NHEK were exposed to CEES for 2 hr and then analyzed using the nontoxic metabolic dye Alamar blue. Data in Fig. 3 indicate that CEES concentrations ranging from 5 to 10 mM appeared to decrease metabolic activity of NHEK cells at this time. To determine if this change in metabolic activity is time dependent, additional cultures were exposed to CEES for 2 IIIIVI ~cc.:> FIG. 1.-NHEK exposed to CEES and immediately assayed with SYTO 13 nuclear stain. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. SYTO 13 was added for 30 min and then washed free of the cells. The in situ incorporation of the dye was analyzed in the CytoFluor II fluorescent plate reader. Note that there is a concentration-dependent increase in CEES-induced enhancement of SYTO 13 binding to NHEK nuclei. hr, incubated for 13 hr at 37°C, and then incubated with Alamar blue for an additional 1.5 hr. Cultures were then analyzed in the CytoFluor II in situ, i.e., without removing the Alamar blue from each well. Data depicted in Fig. 4 show that concentrations of CEES as low as 0.5 mM decreased the metabolic activity of NHEK as revealed by a decrease in relative fluorescence units. Additional experiments at 36 hr (Fig. 5 ) revealed a similar profile.
FIG. 2.-NHEK exposed to CEES and immediately assayed with SYTO 12 nuclear stain. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. SYTO 12 was added for 30 min and then washed free of the cells. The in situ incorporation of the dye was analyzed in the CytoFluor II fluorescent plate reader. Note that there is a concentration-dependent increase in CEES-induced enhancement of SYTO 12 binding to NHEK nuclei.
mM CEES
FIG. 3.-NHEK exposed to CEES and immediately assayed with Alamar blue metabolic indicator dye. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. Alamar blue was added for 1.5 hr and left in solution for the subsequent assay. The metabolic activitydependent fluorescence change in the dye was analyzed in the Cyto-Fluor II fluorescent plate reader. Note that there is a small CEES-dependent decrease in metabolic activity in NHEK. SYTO dyes and Alamar blue are indicator dyes that reveal very different aspects of CEES toxicity. For this reason, experiments were designed to determine if both dyes could be used in a double-label technique monitoring the effects of CEES on DNA integrity as well as this sulfur mustard's effect on metabolic activity. NHEK were exposed to CEES for 2 hr, washed, and then incubated with 2-pLM SYTO 12 for 30 min. bIG. 4.&horbar;Stilus, exposed to CEES and assayed lb.J rir later with Alamar blue metabolic indicator dye. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. NHEK cultures were then incubated for an additional 13 hr at 37°C. Alamar blue was then added for 1.5 hr and left in solution for the subsequent assay. The metabolic activity-dependent fluorescence change in the dye was analyzed in the CytoFluor II fluorescent plate reader. Note that there is a significant CEES-dependent decrease in metabolic activity in NHEK.
FIG. 5.-NHEK exposed to CEES and assayed 37.5 hr later with Alamar blue metabolic indicator dye. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. NHEK cultures were then incubated for an additional 34 hr at 37°C. Alamar blue was then added for 1.5 hr and left in solution for the subsequent assay. The metabolic activity-dependent fluorescence change in the dye was analyzed in the CytoFluor II fluorescent plate reader. Note that there is a significant CEES-dependent decrease in metabolic activity in NHEK.
The data in Fig. 6 revealed a concentration-dependent enhancement of SYTO 12 nuclear binding. The same cultures were then washed again, incubated for an additional 34 hr, and then incubated for 1.5 hr with Alamar blue.
The Alamar blue was then removed from each cell culture well and assayed in a separate dish, i.e., not assayed in situ. The data appear in Fig. 7 . Note that concentrations as low as 0.5-mM CEES cause a decrease in NHEK metabolic activity at this time.
DISCUSSION
Sulfur mustard toxicity is a time-dependent phenomenon. In the hairless guinea pig, used by several groups as an ideal animal model to analyze sulfur mustard effects on the skin, epidermis shows severe pathological activities in the basal layer within 3 to 9 hr of exposure to sulfur mustard (11) . At 12 hr subsequent to exposure, degradation of the basal layers is widespread. At this time, microvesicles appear that later coalesce into larger epidermal/dermal blisters (Mershon, personal communication). One of the earliest measured effects of sulfur mustard is DNA alterations. DNA adducts produced by sulfur mustard have been measured in a variety of ways (1, 4) . Other sulfur mustard-DNA effects include DNA-interstrand crosslinks, DNAprotein crosslinks, and DNA-intrastrand crosslinks (11) .
These DNA alterations could have a number of postexposure consequences, including mutagenesis, alteration of keratinocyte differentiation, failure of protein synthesis, and possibly activation of programmed cell death. More specifically, others have suggested that DNA crosslinking agents such as sulfur mustard may cause a Gl, G2, or S-compartment block in the cell cycle (2, 12) . All of the assays reported herein were done on confluent (i.e., GO) NHEK.
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FiG. 6.-Double-label experiment-NHEK exposed to CEES and immediately assayed with SYTO 12 nuclear stain. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. SYTO 12 was added for 30 min and then washed free of the cells. The in situ incorporation of the dye was analyzed in the CytoFluor II fluorescent plate reader. Note that there is a concentration-dependent increase in CEES-induced enhancement of SYTO 12 binding to NHEK nuclei.
It would be of interest to determine if the concentration and time curves change if the identical experiments are accomplished with actively cycling cells similar to those found in the basal layer in vivo. Given this importance of the effect of sulfur mustard on DNA, our group established a strategy to develop an automated, fluorescence-based assay system that can detect sulfur mustard's ability to alter native DNA. -Double-label-experiment-NHEK exposed to CEES and assayed 37.5 hr later with Alamar blue metabolic indicator dye. Confluent NHEK were exposed to the indicated concentrations of CEES for 2 hr, the residual CEES was removed, and the cells washed 3 times. NHEK were then assayed with SYTO 12, and the data appear in Fig. 6 . NHEK cultures were then washed 3 times and incubated for an additional 34 hr at 37°C. Alamar blue was then added for 1.5 hr and then removed to a new 24-well dish for subsequent assay. The metabolic activitydependent fluorescence change in the dye was analyzed in the Cyto-Fluor II fluorescent plate reader. Note that there is a significant CEESdependent decrease in metabolic activity in NHEK. NHEK were cultured in vitro and exposed to sulfur mustard for 2 hr. After washing, cells were then exposed to the cell-permeable nuclear stains SYTO 11 through 16. All dyes stained CEES-exposed NHEK nuclei as well as nonexposed NHEK nuclei. SYTO 12 and 13 (2 (JLM) yielded the most consistent data (Figs. 1, 2 , and 6), demonstrating a concentration-dependent increase in CEESdependent enhancement of SYTO binding to NHEK nuclei. Since these SYTO dyes are fully membrane permeable (Molecular Probes, Eugene OR, personal communication), the enhanced binding of the dyes is not due to differential membrane permeability due to CEES exposure. The CEES-exposed nuclei stain much more intensely with the SYTO dyes and appear more condensed. It is unclear why SYTO dyes bind preferentially to CEES-exposed nuclei. SYTO dyes have the potential to bind to nucleic acids via intercalation, groove binding, and direct phosphate backbone interaction (Molecular Probes, personal communication). The molecular details of these interactions, however, are not at all clear.
Previous work in our laboratory has shown that the nontoxic metabolic indicator Alamar blue can be used to monitor the CEES-dependent alterations in metabolic activity in both NHEK monolayers (5) as well as in MatTek Corporation's (Ashland, MA) engineered human epidermis, EpiDerm (9) . One of the most important features of this dye is its ability to be used several times with the same cell culture system. For instance, Rhoads et al (9) has shown that Alamar blue can be used to monitor the time-dependent effects of CEES toxicity on EpiDerm. One of the most important observations from this work was to show that the most toxic concentration of CEES used in the study resulted in the greatest decrease in metabolic activity but, unlike lower concentrations, did not result in the separation of the epidermis from the basal lamina underlying it. The authors conclude, therefore, that (a) a separation of the epidermis from the basal lamina that may be mimicking vesication in vivo can occur in an engineered human epidermis in vitro and (b) the development of this blister-like separation is time dependent and is not solely due to a decrease in metabolic activity per se.
In the continuing interest in developing automated assays that can reveal the multiple effects of sulfur mustard to NHEK, we asked if a single assay could be developed that can analyze both sulfur mustard alterations in DNA as well as sulfur mustard-induced changes in metabolic activity. A comparison of Alamar blue data at 2 (Fig. 3) , 15 (Fig. 4 ), and 36 ( Fig. 5 ) hr of exposure show a timedependent effect of CEES on NHEK metabolic activity that is consistent with the time-dependent effect of CEES on EpiDerm metabolic activity (5, 9) . In separate experiments, cells were exposed to CEES for 2 hr, analyzed with SYTO 12 for 30 min, and assayed with the CytoFluor II (Fig. 6 ). Next, the same cells were incubated for an additional 34 hr and then assayed with Alamar blue (Fig. 7) . In both cases, the data in this double-label experiment appear similar to identical protocols accomplished previously in the single-label experiments (Figs. 2 and 5). While it is to be expected that the SYTO dye binding to NHEK nuclei might alter DNA synthesis/tran-scription, the data with Alamar blue suggest that the presence of SYTO 12 may not have a large influence on CEES-induced changes in metabolic activity.
In conclusion, it appears feasible to develop doublelabel fluorescence assays that can measure changes in 2 parameters of CEES toxicity. Other fluorescent dyes have been used in a similar manner with the CytoFluor fluorescent plate reader to show that CEES causes an increase in intracellular calcium (5, 7) , alterations in mitochondrial activity, a decrease in glutathione levels, a disruption of plasma membranes, and a breakdown of NHEK monolayers (5) . As long as the rules of fluorescence-emission overlaps are respected, there is no reason why additional double-and possibly triple-label experiments cannot be developed in the future for the purpose of developing a battery of cost-efficient in vitro NHEK assays to help identify future sulfur mustard therapeutic agents.
